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We employ a microscopic continuum-discretized coupled-channels reaction framework (MCDCC)
to study the elastic angular distribution of the 7Li= α+t nucleus colliding with 12C and 28Si targets
at ELab=350 MeV. In this framework, the
7Li projectile is described in a microscopic cluster model
and impinges on non-composite targets. The diagonal and coupling potentials are constructed from
nucleon-target interactions and 7Li microscopic wave functions. We obtain a fair description of the
experimental data, in the whole angular range studied, when continuum channels are included. The
inelastic and breakup angular distributions on the lightest target are also investigated. In addition,
we compute 7Li+12C MCDCC elastic cross sections at energies much higher than the Coulomb
barrier and we use them as reference calculations to test the validity of multichannel eikonal cross
sections.
I. INTRODUCTION
Exotic nuclei are at the limit of the stability lines and
exhibit unusual properties, such as a large radius [1]. The
specific properties of these nuclei must be included in the
wave function in order to compare reaction theories with
experiments. Then, a reliable description of a reaction
process involving exotic nuclei, must combine an accu-
rate projectile wave function and an appropriate reac-
tion model. Light exotic nuclei are known to group in
substructures with its own identity or clusters. Typical
examples are the 7Li nucleus seen as made of α and t
substructures, and the two neutron halo nuclei 6He and
11Li, seen as α and 9Li cores plus two neutrons. In order
to describe the structure of such nuclei, microscopic [2–4]
cluster models and their few-body approximations [5, 6]
have been implemented.
Few-body approximations of microscopic cluster mod-
els are built on nucleus-nucleus or nucleus-nucleon inter-
actions and the Pauli principle between clusters is sim-
ulated by a suitable choice of those interactions [7–9].
Even though they are easier to interpret and to integrate
in reaction models (see for instance [10–12]), they present
some drawbacks as: i) the required nucleus-nucleus po-
tentials are generally poorly known or not known at all.
ii) Inaccuracy introduced by considering the Pauli prin-
ciple approximately [13]. iii) In most of the calculations,
core excitations are neglected. In contrast, microscopic
cluster models are based on nucleon-nucleon interactions.
Hence they are expected to be more precise. Their main
advantages are: i) they take exactly the Pauli principle
into account. ii) Core excitations can be included in a
direct way. Therefore, a significant improvement of cur-
rent reaction calculations in exotic nuclei should contain
a microscopic description of the projectile.
For weakly bound nuclei, we expect that continuum
states influence most of the reaction processes. At low
energies, around the Coulomb barrier, we can study
this influence within the continuum-discretized coupled-
channels (CDCC) reaction framework [14–16]. This
method consists in discretizing the continuum mak-
ing square-integrable functions, which guaranties that
continuum-continuum couplings do not diverge. The
continuum discretization is essentially performed in two
ways: i) variational solutions of the projectile Hamilto-
nian are obtained at positive energies. Those are the
pseudostates. ii) Continuum bins are constructed from
averaging the scattering function over the wave number.
At higher energies, much above the Coulomb barrier,
CDCC calculations could be time demanding, since they
imply many partial waves. Therefore, an eikonal reac-
tion framework is more suitable. This method relies on
some simplifying assumptions at the high energy regime.
Different versions and generalizations have been imple-
mented [11, 17–22] since the original Glauber’s publica-
tion [23]. In particular, the eikonal-CDCCmethod allows
to study the influence of continuum states in reactions at
high energies [20].
A microscopic continuum-discretized coupled-channels
method (MCDCC) has been proposed in Ref. [24]. In
this reference the authors combine a microscopic clus-
ter description of the projectile with the CDCC reaction
framework. They applied the method to study the in-
fluence of continuum states on the elastic and inelastic
scattering of an 7Li= α+t projectile, colliding with a non-
composite 208Pb target at energies close to the Coulomb
barrier. The aim of the present paper is to extend the
study of Ref. [24] of the elastic scattering of 7Li on lighter
targets and at much higher energies.
The method proposed in Ref. [24] and followed in
this work is expected to have a good predictive power
since: i) it relies on microscopic wave functions of the
projectile, which are calculated from effective nucleon-
nucleon interactions. These wave functions reproduce
experimental values as: ground state energies, electro-
magnetic transition probabilities, etc. ii) The method is
based on nucleon-target interactions, instead of nucleus-
nucleus interactions, which are available in a wide range
of masses and energies. iii) There is no free parameter.
2The availability of CDCC elastic cross sections at en-
ergies higher than the Coulomb barrier, allows us to test
the range of validity of the approximations relying on
the multichannel eikonal method. Of course, the CDCC
calculations are computational demanding, but they are
exact, provide that convergence is reached, in the sense
that no high energy approximations are made.
The paper is organized as follows. In Section II we
describe the MCDCC method. Section III is devoted to
apply this method to describe the elastic scattering of 7Li
on 12C and 28Si at ELab = 350 MeV. We also illustrate
7Li+12C inelastic and breakup angular distributions. In
Section IV we briefly describe the eikonal-CDCC ap-
proach and we incorporate a microscopic description of
7Li colliding with a non-composite 12C target. The high
energy validity of these multichannel elastic cross sec-
tions is particularly tested in Section V. Summary and
conclusions are given in section VI.
II. MICROSCOPIC CDCC METHOD
A. Microscopic description of the projectile
An intrinsic state of the projectile with angular mo-
mentum JP, projection on z MP, and parity πP, satisfies
the Schro¨dinger equation
hPΨ
JPMPpiP
i (ξP) = ǫ
JPpiP
i Ψ
JPMPpiP
i (ξP). (1)
Here ξP = (ξ1, ξ2, · · · , ξAP) notates the internal coor-
dinates of the projectile, where ξk includes the spatial,
spin and isospin parts. The index i labels bound states
(ǫJPpiPi < 0) and pseudostates or variational solutions at
positive energies (ǫJPpiPi > 0) of Eq. (1). If we consider
two-body interactions only, and that protons and neu-
trons in the projectile have approximately the same nu-
cleon massMN , the projectile Hamiltonian hP is written
as
hP =
AP∑
k=1
Tk +
AP∑
k<j=1
Vkj − Tc.m.. (2)
Let us take the projectile of mass mP = mNAP as
made of two cluster nuclei with masses m1 = mNA1 and
m2 = mNA2. The resonating group method (RGM) [25]
or its equivalent generator coordinate method (GCM)
[26] provide variational solutions of the Schro¨dinger equa-
tion (1). A GCM wave function is defined by
ΨJPMPpiP(ξP) =
∫
dSfJPpiP(S)ΥJPMPpiP(S), (3)
where S is called generator coordinate and ΥJPMPpiP(S)
is a basis function.
We can construct a non-projected basis function Υ
as the antisymmetrized product of two Slater determi-
nants, each one associated with a cluster-nucleus, and
constructed from harmonic oscillator shell model orbitals
with oscillator parameter B. If all oscillator parameters
of the single nucleon orbitals are equal, we can write this
basis function as [27]
Υ(S) = φcmAφ1(ς1)φ2(ς2)Γ(ρ− S), (4)
where A is the antisymmetrization operator, φi is the
wave function of cluster i with ςi notating its set of trans-
lational invariant coordinates and φcm is the center of
mass wave function of the projectile.
The function Γ is the shifted Gaussian function
Γ(ρ− S) =
( µ
πB2
)3/4
e−µ(ρ−S)
2/2B2 , (5)
with ρ the relative coordinate between the center of mass
of the clusters and µ = A1A2/AP.
Equation (4) is projected on angular momentum and
parity [28]. In practice, Eq. (3) is discretized and the
coefficients fJPpiP(S), after removing the center of mass,
are determined variationally for bound states and pseu-
dostates.
B. Projectile-Target Schro¨dinger equation
Let us consider the scattering process of a composite
projectile colliding with a non-composite target. The to-
tal relative projectile-target Hamiltonian is written as
H(R, ξP) = − ~
2
2µPT
∇2R + hP(ξP) + V PT(R, ξP), (6)
where R is the relative coordinate between the center
of mass of the projectile and the target. In spherical
coordinates R = (ϕR, θR, R), with ϕR and θR the Polar
and azimuthal angles, and dΩR = sin θRdθRdϕR.
The first term on the right-hand side is the relative
kinetic energy with reduced mass µPT =
mPmT
mP+mT
, where
mP and mT are the projectile and target masses. The
last term is the projectile-target potential given by
V PT(R, ξP) =
AP∑
k=1
VkT(R − rk), (7)
where VkT is the interaction of a nucleon k in the projec-
tile with the non-composite target. The position rk of a
nucleon k in the projectile is defined from its center of
mass.
A partial wave ΦJMpi(R, ξP) of total angular momen-
tum J , with respective projection M and parity π satis-
fies the Schro¨dinger equation
HΦJMpi(R, ξP) = ETΦ
JMpi(R, ξP), (8)
with the total energy of the system given by
ET = ǫ
JP0piP0
i0
+ Ec.m., (9)
where Ec.m. and ǫ
JP0piP0
i0
are the relative energy and in-
ternal energy of the projectile in the entrance channel.
3C. CDCC coupled equations
Let us expand the partial wave function ΦJMpi(R, ξP)
as
ΦJMpi(R, ξP) =
∑
iJPpiPL
YJMpiiJPpiPL(ΩR, ξP)
χJiJPpiPL(R)
R
,
(10)
with the basis functions
YJMpiiJPpiPL(ΩR, ξP) = ıL[YL ⊗ΨiJP ]JM . (11)
Here L is the relative orbital angular momentum of the
projectile-target system.
The basis functions (11) satisfy the orthogonality rela-
tion〈
YJM ′pii′J′
P
pi′
P
L′ |YJMpiiJPpiPL
〉
= δi′iδJ′
P
JPδpi′P,piPδL′LδM ′M , (12)
where the Dirac notation indicates integration over ΩR
and the internal coordinates of the projectile.
By inserting the state (10) in the Schro¨dinger equation
(8) and projecting this equation on the functions (11), we
end up with the set of coupled differential equations[
− ~
2
2µPT
(
d2
dR2
− L(L+ 1)
R2
)
+ ǫα′ − ET
]
χJα′L′(R)
= −
∑
αL
V Jpiα′L′,αL(R)χ
J
αL(R), (13)
with α ≡ {iJPπP}. The diagonal and coupling potentials
V Jpiα′L′,αL(R) are defined by (see the Appendix)
V Jpiα′L′,αL(R) =
〈YJMpiα′L′ |V PT|YJMpiαL 〉
=
∑
λ
C
JJPJ
′
P
λLL′ 〈ΨJ
′
P
pi′
P
i′ ||Vλ(R)||ΨJPpiPi 〉, (14)
with the coefficients
C
JJPJ
′
P
λLL′ = (−1)J
′
P
+J+ 1
2
(L−L′+λ) LˆLˆ
′λˆJˆ ′P√
4π
×
(
L′ λ L
0 0 0
){
J J ′P L
′
λ L JP
}
, (15)
where xˆ =
√
2x+ 1 and we have used the standard no-
tations of the 3-J and 6-J symbols.
If we use GCM internal wave functions of the projec-
tile, the reduced matrix element 〈ΨJ′Ppi′Pi′ ||Vλ(R)||ΨJPpiPi 〉
involves one-body matrix elements between Slater deter-
minants, which can be determined systematically [28].
An equivalent procedure is to employ a folding technique.
In this case, the projectile-target interaction can be ob-
tained by folding the nucleon-nucleus interactions with
the microscopic densities of the projectile. In this con-
text, the reduced matrix elements are given by [29, 30]
〈ΨJ′Ppi′Pi′ ||Vλ(R)||ΨJPpiPi 〉
=
1
2π2
∫
∞
0
dq q2jλ(qR)
[
ρ˜
n(λ)
α′,α(q)V˜nT(q)
+ρ˜
p(λ)
α′,α(q)V˜pT(q)
]
, (16)
where ρ˜
n(λ)
α′,α(q) and ρ˜
p(λ)
α′,α(q) are Fourier multipoles of
the diagonal and transition densities of the projectile.
Note that the index α(α′) is associated with any bound
state or pseudostate of the projectile. The terms V˜nT(q)
and V˜pT(q) correspond to the Fourier transforms of cen-
tral neutron-target and proton-target potentials. In the
present work, bound and scattering states of 7Li are
treated on the same footing and the GCM densities are
determined following Ref. [31].
The main ingredient in reaction calculations is the
scattering matrix that allows to compute cross sections.
This scattering matrix can be determined from the sys-
tem of equations (13), which can be solved by different
methods [32–35]. In particular, we use the R-matrix
method on a Lagrange mesh [35]. It mainly consists in
dividing the configuration space in two regions. An in-
ternal region, where each radial wave function χJαL(R)
is expanded over a finite basis, and an external region,
where each of these radial wave functions has reached
its Coulomb asymptotic behavior. The matching of the
wave function χJαL(R) at the boundary a of both regions
provides the collision matrix.
In practice, the sum in Eq. (13) is truncated up to
a maximal value of total angular momentum of the pro-
jectile JPmax and the pseudostates are included up to
determined excitation energy Emax. The contribution to
the elastic cross sections beyond those values should be
negligible.
III. 7Li+12C AND 7Li+28Si ELASTIC
SCATTERING WITH MCDCC
A. Conditions of the calculations
The calculations are essentially divided in two steps: i)
computing the coupling potentials. ii) Determining the
scattering matrix and cross sections. The coupling po-
tentials have two main ingredients, the projectile bound
and pseudostate wave functions, and the nucleon-target
potentials.
The conditions to compute the 7Li wave functions are
the same as in Ref. [24]. The 7Li nucleus is described by
an α + t cluster structure, and the Minnesota nucleon-
nucleon interaction is used. This description provides a
spectrum and a B(E2, 3/2− → 1/2−) that are in good
agreement with experiment.
We consider central parts of optical potentials. The
n−12C and p−12C interactions are taken from Ref. [36]
and the n−28Si and p−28Si interactions from Ref. [37].
The multipole expansion of the potentials goes up to
λmax = 2 in all cases.
In order to determine the collision matrix we use the R-
matrix method on a Lagrange-Legendre mesh ofN = 130
basis functions, with a channel radius a = 18 fm. Several
convergence tests were performed to check that beyond
those values the cross sections do not vary at the scale of
the figures. To compute the elastic cross sections, partial
4waves are summed up to a total angular momentum of
the projectile-target system Jmax = 200.
B. Elastic cross sections
In Fig. 1 we display the CDCC elastic cross sections of
7Li on 12C and 28Si at ELab = 350 MeV. The cross sec-
tions are computed including various states of 7Li, where
positive and negative parities are considered. We take
into account the breakup channels up to a JPmax = 11/2
and a cutoff excitation energy Emax = 15 MeV, defined
from the α+ t threshold. The calculations for both tar-
gets converge at JPmax = 7/2, which can be understood,
since the maximum spin of the well known cluster state
resonances is 7/2 (JpiPP = 7/2
−, Eres ≃ 2.18 MeV).
Figure 1 shows a strong influence on the elastic cross
sections of the excited state and of the breakup chan-
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FIG. 1. CDCC Elastic cross sections (divided by the Ruther-
ford cross section) of a composite 7Li impinging on 12C and
28Si targets. The solid lines labeled G.S. correspond to
the single channel cross sections. The ones labeled B.S. in-
clude the 3/2− and 1/2− bound states only. The six dashed
lines represent the calculations considering in addition to
the bound states, the breakup channels up to a determined
JPmax=1/2-11/2. Each JPmax increases from the top to the
bottom. The curves with JPmax=7/2-11/2 are superimposed.
The points are the experimental data from Ref. [38].
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FIG. 2. Convergence of the CDCC elastic scattering cross sec-
tion with the cutoff excitation energy of the projectile Emax.
The solid, dashed, dashed-dotted and dotted lines correspond
to Emax =7 MeV, 11 MeV, 15 MeV and 19 MeV respectively.
The calculations include breakup channels up to JPmax = 7/2.
The curve corresponding to Emax = 15 MeV is superimposed
with the curve Emax = 19 MeV.
nels at approximately θ > 7◦ for both nuclei. The con-
verged cross sections are in very good agreement with
the experimental data up to 15◦ for 12C and 10◦ for 28Si.
At larger angles, our predictions overestimate the data
about a factor of 2 for both systems. Qualitatively, the
CDCC calculations in the whole angular range studied,
are good predictions since there is no free parameter.
In Fig. 2 is illustrated the 7Li+28Si elastic cross sec-
tions when Emax is progressively increased. We see that
the convergence is reached at Emax ≈ 15 MeV. A similar
convergence behavior is obtained for the 12C target and
it is therefore not shown.
On the other hand, as the 7Li elastic scattering is on
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FIG. 3. Influence of the nucleon-target nuclear potential.
The solid and dashed lines correspond to the Koning and
Delaroche [37] and Weppner et al. [36] optical potentials,
respectively.
5light targets, the process is nuclear dominated and the
behavior at large angles is strongly influenced by the nu-
clear contribution. Thus, we study the influence of the
choice of the nuclear nucleon-target potential. Fig. 3
compares the 7Li+28Si elastic scattering using two nu-
clear optical potentials. The potentials of Koning and
Delaroche, employed to computed the curves in Figs. 1
and 2, and of Weppner et al. [36]. Both have similar
Woods-Saxon functional forms in their volume and sur-
face terms. In the angular range shown, they reproduce
successfully the n−28Si and p−28Si experimental elastic
cross sections at energies close to 50 MeV (see Ref. [36]).
Figure 3 shows that the cross sections are slightly
affected by the choice of the potential at large angles
(θ > 7◦) with a difference around 20% between them.
C. Inelastic and breakup cross sections
In Fig. 4 we illustrate the MCDCC predictions of the
inelastic and breakup angular distributions of 7Li+12C
system at ELab = 350 MeV, compared with the con-
verged elastic cross section shown in Fig. 1. The breakup
angular distribution is estimated by summing over all the
individual inelastic excitations from the bound state to
a pseudostate. As expected, the elastic scattering domi-
nates at small angles θ < 5◦. At θ > 10◦ the elastic and
breakup cross sections are very close to each other, in
correspondence with the range where the breakup chan-
nels influence the elastic cross section the most (see Fig.
1). The inelastic process is the less likely to occur in the
whole angular range.
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FIG. 4. CDCC 7Li+12C breakup (solid line), elastic (dashed
line) and inelastic (dashed-dotted line) angular distributions.
IV. MICROSCOPIC EIKONAL-CDCC ELASTIC
SCATTERING
Combining precise projectile wave functions that con-
sider the internal structure of at least one of the col-
lision partners, should provide a suitable framework of
nuclear reaction studies. However, it increases the com-
plication level both theoretically and computationally,
especially at high energies when the number of partial
waves involved increases. The approximations relying on
the eikonal method make it simpler and less computing
demanding than the CDCC calculations.
Some works that utilize in eikonal methods microscopic
cluster wave functions of the projectile and nucleon-
target scattering information, have been introduced to
describe nucleus-nucleus reactions [39–41]. In particu-
lar, we investigate in Ref. [41] the elastic scattering of
an alpha projectile at high energies, using a GCM wave
function. This wave function is a four-nucleon Slater de-
terminant corresponding to a single cluster approxima-
tion. As the 4He nucleus is in the ground state, there is
no need of angular projection, which is one of the main
issues in multi-cluster microscopic calculations.
In the present work, we use a more complicated projec-
tile than in Ref. [41], 7Li, and a multichannel framework.
The microscopic projectile is impinging on a 12C target at
350 MeV. To this end, we use the eikonal-CDCC method
proposed in Ref. [20] and we incorporate a microscopic
description into it.
The eikonal-CDCCmethod is based on solving the sys-
tem of first order differential equations (see Ref. [20] for
details)
i~2Kc
µPT
∂
∂Z
ψ
α0MP0
αMP
(b, Z) =∑
α′M ′
P
ei(Kc′−Kc)ZVαMP,α′M ′P(b, Z)ψ
α0MP0
α′M ′
P
(b, Z), (17)
where we useR in cylindrical coordinates i.e. R = (b, Z),
with b the transverse component of R. In Eq. (17) the
superscripts indicate the entrance channel with the set
{α0MP0} and the wave number Kc is defined by
~
2
2µPT
K2c = ET − ǫα −
~
2
2µPT
(MP −MP0)2
b2
. (18)
Equation (17) is derived after ignoring the kinetic en-
ergy term in a CDCC-like system of coupled differential
equations. This condition is valid at incident energies
much higher than the Coulomb barrier. System (17) is
solved with the initial condition
ψ
α0MP0
αMP
(b, Z → −∞) = δαα0δMPMP0 . (19)
This condition means that there is a bound state multi-
plied by a plane wave in the entrance channel.
The eikonal-CDCC diagonal and coupling potentials
6are given by
Vα′M ′
P
,αMP(R)
= 〈ΨJ
′
P
M ′
P
pi′
P
i′ |V PT|ΨJPMPpiPi 〉,
= ei(MP−M
′
P
)ϕRVα′M ′
P
,αMP(θR, R). (20)
The Dirac notation stands for integration over the in-
ternal coordinates of the projectile only. The term
Vα′M ′
P
,αMP(θR, R) is given by (see the Appendix)
Vα′M ′
P
,αMP(θR, R) =
∑
λ
C˜
JPJ
′
P
λ
MPM ′P
P
M ′
P
−MP
λ (cos θR)
× 〈ΨJ′Ppi′Pi′ ||Vλ(R)||ΨJPpiPi 〉, (21)
where the coefficients C˜
JPJ
′
P
λ
MPM ′P
are defined as
C˜
JPJ
′
P
λ
MPM ′P
=(−i)λ
√
(2λ+ 1)(λ−M ′P +MP)!
4π(λ+M ′P −MP)!
× (JPMPλM ′P −MP|J ′PM ′P). (22)
The reduced matrix elements in Eq. (21) are common
to the CDCC potentials of Sec. II (Eq. (14)). They are
determined from Eq. (16).
The elastic angular distribution is calculated from [42]
dσ
dΩ
=
1
2JP0 + 1
∑
M ′
P0
MP0
|fM ′
P0
MP0
(θ)|2, (23)
with the elastic scattering amplitude
fM ′
P0
MP0
(θ) = −2π2
(
2µPT
~2
)
TM ′
P0
MP0
(θ) (24)
and the transition matrix element TM ′
P0
MP0
[20]
TM ′
P0
MP0
≃ i
−ν+1
~
2
(2π)2µPT
×
∫
∞
0
dbbKcJν(Kcbθ)
(
SM ′
P0
,MP0
(b)
−δM ′
P0
MP0
)
, (25)
where Jν is the Bessel function of the first kind of order
ν = |M ′P0−MP0 |, and we use the definition of the eikonal
scattering amplitudes
SM ′
P0
,MP0
(b) = ψ
MP0
M ′
P0
(b, Z →∞). (26)
Those are obtained by integrating over Z the system
(17) with a fourth-order Runge-Kutta method. For the
7Li+12C elastic scattering, we integrate the equations
with a step hz = 0.1 fm up to 30 fm. The integral over
b given in Eq. (25) is performed up to 30 fm with a step
hb = 0.1 fm.
The calculation of the scattering matrix elements is
from a bmin to avoid imaginary values of Kc in Eq. (18).
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FIG. 5. 7Li+12C eikonal-CDCC elastic cross section (divided
by the Rutherford cross section). The solid lines labeled G.S.
correspond to the single channel cross sections. The ones
labeled B.S. include the 3/2− and 1/2− bound states only.
The six dashed lines represent the calculations considering
in addition to the bound states, the breakup channels up to
a determined JPmax=1/2-11/2. Each JPmax increases from
the top to the bottom. The curves with JPmax=7/2-11/2 are
superimposed. The points are the experimental data from
Ref. [38].
There is almost no effect of this approximation on the
elastic cross section, since the elastic scattering matrix
elements SM ′
P0
,MP0
(b) for b < bmin are negligible in com-
parison with those at higher b values (typical bmin < 1
fm). As usual, to compute the cross sections we separate
the Coulomb projectile-target eikonal scattering ampli-
tudes to get faster convergence [11].
Figure 5 shows the single channel (GS) and multichan-
nel calculations. At large angles (θ > 7◦), we observe
an influence of the breakup channels on the elastic scat-
tering, but the agreement with the experimental data is
poor. In contrast, the CDCC cross section shown in Fig.
1 describes much better the experimental data indicating
that the collision energy is not high enough for the high
energy approximation relying on the eikonal-CDCC ap-
proach to be valid. This argument is discussed in detail
in the next section.
V. TEST OF THE EIKONAL APPROACH
As we are able to calculate CDCC elastic cross sections
at energies much higher than the Coulomb barrier, let us
take advantage of this fact and consider those as reference
calculations to test the high energy range of validity of
multichannel eikonal cross sections.
We consider the 7Li+12C system and in addition to
ELab = 350 MeV, we perform calculations at 700 MeV
and 1050 MeV. The conditions to compute the eikonal-
CDCC cross sections are the same as described for
ELab = 350 MeV, with smaller hb of 0.05 fm at 700 MeV
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FIG. 6. (Color online) Comparison between the CDCC (solid
lines) and eikonal-CDCC (dashed lines) elastic cross sections
at different incident energies. The red curves correspond to
single channel predictions. The green (black) curves are the
calculations including in addition to the bound states the
breakup channels up to JPmax = 3/2 (JPmax = 7/2).
and 0.01 fm at 1050 MeV. The CDCC cross sections are
obtained with N = 150 and Jmax = 300 at 700 MeV, and
with N = 180 and Jmax = 550 at 1050 MeV. For both
cases we use a = 18 fm.
The comparison between the CDCC and eikonal-
CDCC cross sections is displayed in Fig. 6. We in-
clude three different kind of calculations: single chan-
nel, breakup channels up to JPmax = 3/2 and breakup
channels up to JPmax = 7/2.
At ELab = 350 MeV, we observe a large difference
between the eikonal-CDCC and CDCC calculations at
θ > 7◦. In addition, the influence of the breakup chan-
nels on the elastic eikonal-CDCC cross sections is much
reduced than in the CDCC predictions.
We notice that the agreement between both kind of
methods improves at ELab = 700 MeV. Increasing the
energy up to ELab = 1050 MeV reduces the difference
between them to less than 0.15. However, the influence
of the breakup channels on the elastic cross sections be-
comes very small, which can be understood since the pro-
jectile excitation energies are much smaller than the in-
cident energy and therefore we can neglect the projectile
inner motion. Indeed, this is the main idea behind adi-
abatic models [43]. Similar behavior is presented in the
CDCC elastic scattering scattering of 11Be+64Zn [44].
VI. SUMMARY AND CONCLUSIONS
We use a MCDCC reaction framework [24] to describe
elastic scattering at high energies. This method is applied
to the 7Li= α + t nucleus impinging on 12C and 28Si
targets. The 7Li nucleus is weakly bound and coupling
with the continuum is expected to play an important
role in the description of the elastic cross section [24].
We calculate the projectile-target interactions by using a
folding technique, where the main ingredients are the 7Li
GCM wave functions and the nucleon-target potentials.
The CDCC scattering matrix is obtained from solving
the CDCC system of coupled equations through the R-
matrix method on a Lagrange mesh.
First, we compute CDCC elastic cross sections at
ELab = 350 MeV, where experimental data is available.
We observe an influence of the breakup channels on the
elastic cross sections. These breakup channels have to be
included in order to get a better description of the exper-
imental data at large angles (θ > 7◦). The improvement,
with respect to the single channel results, is around a
factor of 2 for 12C, and 4 for 28Si.
Next, we study the influence of the nucleon-target nu-
clear potential on the 7Li+28Si cross section. To this end
we use two nucleon-28Si potentials and obtain a sensitiv-
ity around 20% at θ > 7◦. The influence of the choice
of the nucleon-nucleon interaction used to compute the
projectile densities, should be addressed in future works.
On the other hand, we compute the eikonal-CDCC
elastic cross section of a microscopic 7Li= α+t impinging
on a non-composite 12C atELab = 350 MeV. The eikonal-
CDCC result deviates significantly from the CDCC one,
which is closer to the experimental data. The disagree-
ment is explained as the high energy validity relying on
the multichannel eikonal treatment is not satisfied. Thus,
in order to test multichannel eikonal elastic cross sections,
we compare the eikonal-CDCC and CDCC elastic cross
sections at different incident energies for the 12C target,
taking as reference the CDCC calculations. Increasing
the incident energy improves the agreement between the
eikonal-CDCC and CDCC calculations showing that for
the multichannel eikonal cross sections be fairly valid in
the whole angular range shown, ELab must be at least
∼ 1000 MeV. Even though, at such energy, the contribu-
tion of the breakup channels becomes very small.
8The present work represents an improved perspective
in nucleus-nucleus scattering at high energies. It can be
extended to other exotic nuclei, as Borromean nuclei, or
to other reactions such inelastic scattering, breakup or
fusion.
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Appendix: Interaction potential
1. Diagonal and coupling potentials used in the
CDCC equations
Let us expand the projectile-target potential in multi-
poles as
V PT(R, ξP) =
∑
λ
(−i)λY ∗M ′P−MPλ (ΩR)Vλ(R, ξP).
(A.1)
This potential can be rewritten as the sum of products
of multipole tensor operators
V PT =
∑
λ
i−λ(Yλ · Vλ). (A.2)
By using the definition (A.2), the potentials defined in
Eq. (14) become
V Jpiα′L′,αL(R)
=
〈YJMpiα′L′ |V PT|YJMpiαL 〉
=
∑
λ
iL−L
′
−λ
〈
[YL′ ⊗Ψi
′
J′
P
]JM |Yλ · Vλ|[YL ⊗ΨiJP ]JM
〉
,
(A.3)
where the Dirac notation represents integration over ΩR
and the projectile internal coordinates.
If we use the Wigner-Eckart’s theorem [45] in expres-
sion (A.3) we end up with
V Jpiα′L′,αL(R) =
∑
λ
C
JPJ
′
P
λ
JLL′ 〈ΨJ
′
P
pi′
P
i′ ||Vλ(R)||ΨJPpiPi 〉,
(A.4)
where
C
JJPJ
′
P
λLL′ = (−1)J
′
P
+J+ 1
2
(L−L′+λ) LˆLˆ
′λˆJˆ ′P√
4π
×
(
L′ λ L
0 0 0
){
J J ′P L
′
λ L JP
}
. (A.5)
2. Diagonal and coupling potentials used in the
eikonal-CDCC equations
Let us define the diagonal and coupling potentials de-
pending on R by
Vα′M ′
P
,αMP(R) = 〈ΨJ
′
P
M ′
P
pi′
P
i′ |V PT|ΨJPMPpiPi 〉, (A.6)
where the Dirac notation stands for integration over the
internal coordinates of the projectile. If we introduce the
expansion (A.1) in Eq. (A.6) we get
Vα′M ′
P
,αMP(R)
=
∑
λ
(−i)λ(JPMPλM ′P −MP|J ′PM ′P)
× Y ∗M ′P−MPλ (ΩR)〈ΨJ
′
P
pi′
P
i′ ||Vλ(R)||ΨJPpiPi 〉.
(A.7)
Here we have used the Wigner-Eckart’s theorem.
By expressing the spherical Harmonics in terms of the
associate Legendre polynomials we have
Vα′M ′
P
,αMP(R)
= 〈ΨJ
′
P
M ′
P
pi′
P
i′ |V PT|ΨJPMPpiPi 〉,
= ei(MP−M
′
P
)ϕRVα′M ′
P
,αMP(θR, R), (A.8)
with
Vα′M ′
P
,αMP(θR, R)
=
∑
λ
C˜
JPJ
′
P
J
MPM ′P
P
M ′
P
−MP
λ (cos θR)
× 〈ΨJ′Ppi′Pi′ ||Vλ(R)||ΨJPpiPi 〉, (A.9)
and
C˜
JPJ
′
P
J
MPM ′P
=(−i)λ
√
(2λ+ 1)(λ−M ′P +MP)!
4π(λ+M ′P −MP)!
× (JPMPλM ′P −MP|J ′PM ′P). (A.10)
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